An international basis for comparison of BCR-ABL mRNA levels is required for the common interpretation of data derived from individual laboratories. This will aid clinical decisions for individual patients with chronic myeloid leukemia (CML) and assist interpretation of results from clinical studies. We aligned BCR-ABL values generated by 38 laboratories to an international scale (IS) where a major molecular response (MMR) is 0.1% or less. Alignment was achieved by application of laboratory-specific conversion factors calculated by comparisons performed with patient samples against a reference method. A validation procedure was completed for 19 methods. We determined performance characteristics (bias and precision) for consistent interpretation of MMR after IS conversion. When methods achieved an average BCR-ABL difference of plus or minus 1.2-fold from the reference method and 95% limits of agreement within plus or minus 5-fold, the MMR concordance was 91%. These criteria were met by 58% of methods. When not met, the MMR concordance was 74% or less. However, irrespective of precision, when the bias was plus or minus 1. 
Introduction
Serial analysis of BCR-ABL mRNA levels by real-time quantitative PCR (RQ-PCR) accurately reflects the level of leukemic inhibition induced by therapy and provides an appropriate monitoring strategy for patients with chronic myeloid leukemia (CML). [1] [2] [3] [4] [5] [6] [7] Many consider the achievement of a major molecular response (MMR) a goal of imatinib therapy because it is associated with a favorable progression-free survival. [8] [9] [10] [11] [12] [13] A recent report has recognized that failure to achieve an MMR by 18 months of imatinib treatment may represent a suboptimal response and review of therapy was recommended. 14 Therefore, accurate molecular analysis is useful for a clinician to make informed patient management decisions.
The trial that established MMR as a clinically relevant end point was the IRIS study. 8, 9 For this trial, 3 testing laboratories standardized their RQ-PCR methods using a standardized baseline, and MMR was a 3-log reduction from this level. 8 Establishment of a value for MMR in other laboratories equivalent to that established in the IRIS study has not been straightforward. Clearly, a process for accurate alignment of BCR-ABL values in each laboratory to the original MMR value will aid in the consistent measurement of MMR throughout the world. Serial molecular analysis within a laboratory will certainly provide benefit for individual patients, but alignment of BCR-ABL values is necessary for several reasons: the use of common clinical decision values, facilitation of patient mobility between clinics that use different testing laboratories, and consistent interpretation of clinical research data, including those to be considered by regulatory authorities. One process to align data has been undertaken between the IRIS participating laboratory of Hughes and Branford in Australia and the laboratory of Hochhaus and Müller in Germany. A BCR-ABL/ABL% value in the German laboratory equivalent to the MMR value in the Australian laboratory was calculated by an exchange of patient samples. An association was demonstrated between the log reduction scale for determining MMR and a quantitative value using different methods and control genes. 15 The existing RQ-PCR methods in use around the world use different techniques and various control genes, leading to marked variation in reported BCR-ABL values. 16 The best approach for achieving consistent and comparable quantitative data on a global scale would be to use internationally established reference reagents. 17 Work is in progress toward developing such material for BCR-ABL quantitation, 18 but until they are available, an alternative approach to achieve comparable BCR-ABL values is the use of an international reporting scale. 19 This scale is anchored to the value that defines an MMR as established by the IRIS study laboratories. 8 The proposed international scale (IS) is designed to replace the log reduction scale with a defined value for MMR of 0.10% IS. 19 Conversion to the IS is achieved by the application of laboratoryspecific conversion factors. Specific conversion factors are required for each laboratory because differences in the components that comprise the complete RQ-PCR analytical system contribute to variation in the reported values. 20 We present here results of an international collaborative study to test the feasibility of reporting BCR-ABL values on the IS by the application of laboratory-specific conversion factors that were derived using patient samples. The validity of the conversion factors was checked with analysis of subsequent samples. Alignment of data was demonstrated for most laboratories and performance characteristics that produce desirable concordance between laboratories at the critical decision level of MMR were identified. The process allows for differences generated by various RQ-PCR analytical systems. We anticipate that the project will lead to and guide the preparation of certified international standards that will be available to all laboratories.
Methods

Reference laboratory
The reference laboratory in Adelaide, Australia performed molecular analyses for patients enrolled in the IRIS study, and the quantitative value representing MMR (3-log reduction from the standardized baseline) is BCR-ABL/BCR% 0.08%. 8 The RQ-PCR method has been detailed previously. 2, 21 To convert BCR-ABL values to IS in this reference laboratory, all values were multiplied by the conversion factor of 1.25. This conversion factor was calculated by dividing the value representing MMR IS (0.10%) by the quantitative value representing a 3-log reduction in this laboratory (0.08%). For the current study, the Adelaide reference laboratory coordinated the exchange of samples, analyzed all samples, and calculated and validated the conversion factors for the participating laboratories.
Participating laboratories
The RQ-PCR analytical systems tested for their suitability for IS conversion were those routinely used in 38 laboratories from 15 countries. [1] [2] [3] 8, 11, [22] [23] [24] [25] Two laboratories used 2 different methods that varied in the control gene; therefore, 40 analytical systems were tested. The analytical system of each laboratory comprised the control gene, the primer and probe sequence location, the probe chemistry, the material used for the construction of standard curves, the instrumentation, the reverse transcription procedure, the quantitative PCR procedure, all of the reaction components, and the operator technique. These components contribute to variability between the methods. Table 1 summarizes the components of each analytical system and indicates that there was considerable variation in the techniques. For purposes of this study, the analytical systems of the participating laboratories are called field methods. Laboratory-specific conversion factors for each field method are designed to overcome the potential differences in reported BCR-ABL values due to different instruments, probe technologies, and other analytical processes.
Calculation of the field method-specific conversion factors
Each participating laboratory sent a median of 20 patient samples, either RNA (n ϭ 431) or cells stored in Trizol reagent (Invitrogen, Carlsbad, CA) on dry ice (n ϭ 353) to the reference laboratory for RQ-PCR analysis. The samples included those of patients in various disease phases and trials and were first analyzed in the originating laboratory as part of the usual molecular monitoring practice of the laboratory. Therefore, the samples were analyzed in the originating laboratory over several weeks or months and several RQ-PCR runs. The quantitative values generated by each field method for their set of patient samples was withheld from the reference laboratory until analysis in the reference laboratory was complete. Only samples with the common b2a2 (e13a2) and/or b3a2 (e14a2) BCR-ABL transcripts were included. The effective measurement range for the international scale was deemed to be a BCR-ABL level of 10% IS or below. This was because most field methods used ABL as the control gene. Depending on the PCR primer design for the ABL control, both wild-type ABL and BCR-ABL are amplified when BCR-ABL expression is high, and the ratio of BCR-ABL/ABL% could therefore underestimate the leukemic load. 16, 22 Similarly, BCR as the control may lead to overestimation of BCR-ABL/BCR% when BCR-ABL expression is high because normal cells have 2 wild-type alleles and BCR-ABL-expressing cells have 1. However, inaccurate ratios when BCR-ABL expression is above 10% IS may have minimal impact on the interpretation of the result. 22 In the majority of cases, these values indicate lack of a major cytogenetic response (MCR Յ 35% Philadelphia chromosome). 26 The tests performed using patient samples Radich et al, 3 Hughes et al 8 1
Press et al 11 1
Stock et al 24 1
In house 5
Instruments
Applied Biosystems 27
LightCycler 10
Corbett Rotorgene 4
Control genes
RNA extraction
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MagnaPure LC mRNA isolation kit 2 For personal use only. on June 9, 2017. by guest www.bloodjournal.org From were approved by the institutional review board or equivalent body of each institution. The research was conducted in accordance with the Declaration of Helsinki.
The reference laboratory analyzed each sample received from the participating laboratories by duplicate reverse transcription and quantitative PCR analysis, which is their usual practice. For each set of samples, only a few samples were analyzed on any one day. Therefore, the complete sample set was analyzed over several weeks in several RQ-PCR runs to mimic as closely as possible the analysis in the originating laboratory. This was to account for day-to-day variations of the test, reagent batches, and operator, all of which contribute to variability of the analytical system. This procedure is in accordance with Food and Drug Administration (FDA)-approved guidelines for method comparison using patient samples. 27 To determine the conversion factors, each set of data generated by a field method was compared with that generated by the reference laboratory for the same sample set. Using the method comparison procedure of Bland and Altman, the bias between the field method and the reference method was determined. 28, 29 Briefly, this method plots the difference between the 2 measurements against their mean to indicate whether there is a systematic difference between the 2 measurements. For example, there may be a consistent tendency for a field method to exceed the reference method, which is the bias. The 95% limits of agreement provide an interval within which most of the individual differences can be expected to lie. This procedure has been used previously to measure the agreement between peripheral blood and bone marrow BCR-ABL values. 24 The estimate is applicable only if the bias is consistent across the measurement range. If this is the case, then alignment between the 2 methods can be achieved by applying a conversion factor. 29 For each field method, the first step in the conversion factor calculation was conversion of the BCR-ABL values generated by the reference laboratory to the IS by multiplying by 1.25 (Adelaide laboratory-specific conversion factor). These data and the original BCR-ABL values generated by the field method were log 10 -transformed. A bias plot was generated by plotting the difference between the 2 methods against the mean of the methods, with the field method data as the X variable. The 95% limits of agreement were estimated by mean difference plus or minus 1.96 SDs of the differences and provided an interval within which 95% of differences between measurements were expected to lie. The antilog of the estimated mean bias between the methods was designated as the conversion factor for the field method.
Validation of the laboratory-specific conversion factors
Once the conversion factors for each field method were calculated, they required validation. For this purpose, the participating laboratories sent a subsequent set of samples to the reference laboratory for analysis as described above. To date, 20 of the field methods have sent samples to the reference laboratory for the validation process (Australia/New Zealand n ϭ 7, Europe n ϭ 5, North America n ϭ 4, and Asia n ϭ 4). Validation samples from the remaining field laboratories are pending. The validation process involved an exchange of 458 RNA samples and 229 samples stored in Trizol reagent. Of these, 598 samples were suitable for validation of the conversion factors. The remaining samples were inappropriate because the RNA was degraded or the BCR-ABL values were above the IS effective measurement range. The validation samples were sent to the reference laboratory at a median of 7 months (range, 2-18 months) after the conversion factor for a field method was calculated. For 5 field methods, more than 1 set of validation samples were sent over several months. The reference laboratory analyzed each validation sample in the same manner as those sent for the conversion factor calculation. The BCR-ABL values of the reference laboratory and the corresponding field method for each set of validation samples were converted to the IS by multiplying by their specific conversion factors. The agreement between the field method and the reference method after conversion was assessed using the method of Bland and Altman. 28, 29 
Results
Relationship between the BCR-ABL international scale and cytogenetic response levels BCR-ABL values converted to the IS equate approximately to cytogenetic response levels. In the Adelaide reference laboratory a comparison of peripheral blood BCR-ABL RQ-PCR values with their corresponding bone marrow cytogenetic assessment was undertaken for 828 samples. 26 The BCR-ABL values were converted to IS. In 98% of the BCR-ABL values of more than 1% to 10% IS (n ϭ 142), the corresponding Philadelphia chromosome percentage was within the range of an MCR. Of the BCR-ABL values of 1.0% or less IS (n ϭ 530), 96% correspondingly indicated a complete cytogenetic response (CCR) and 100% indicated an MCR. The 4% of samples with BCR-ABL values of 1.0% IS and below that correspondingly did not indicate CCR had a median Philadelphia chromosome percentage of 3%.
Validity of the reference laboratory to align data to international units
The IS is aligned to the value representing MMR as established in the IRIS study in 2001. 8 For the Adelaide laboratory to be an appropriate reference laboratory, it must demonstrate that it can trace its MMR value directly to that originally established in the IRIS study in 2001. The specific BCR-ABL/BCR% value representing MMR in Adelaide is 0.08%. Therefore, the laboratory was required to demonstrate that a sample with a measured BCR-ABL value of 0.08% in 2001 would still be 0.08% (or within the measurement reliability of the analytical system) when measured today.
To ensure the consistent performance of the Adelaide RQ-PCR analytical system, quality control (QC) samples were included in every run. 20, 21, 30 Briefly, 2 different QC samples with a high and low BCR-ABL level were processed in the same way as the patient samples in every run. These samples had pre-established BCR-ABL values and, for the run to be accepted, the values must be within a defined range that is based on the SD of the analytical system. Runs with QC sample values outside the range are rejected and the analysis repeated. The QC samples were prepared in large batches and frozen in aliquots of RNA stabilization solution. The target mean QC values were established before their introduction into routine use. The yearly mean quality control values since 2001 are detailed in Table 2 . These demonstrate the high reproducibility of the Adelaide RQ-PCR analytical system, which allows traceability and comparison to the original IRIS MMR value.
A second consideration in establishing the validity of the reference method for patient sample comparison studies is the inherent method variation. A reference method should have not only minimal bias from the reference value, but also minimal imprecision. 31 To determine the bias and limits of agreement of the reference method, patient samples were analyzed in duplicate within the reference laboratory. Duplicate analyses in this case involved splitting 163 blood samples (20 mL each) into 2 tubes followed by separate RNA extraction, reverse transcription, and quantitative PCR analysis for the duplicate blood samples on different days over approximately 18 months. The variables were the operator, day of analysis, reagent batches, and calibration status of the instrument and pipettes. The instrument, reverse transcription reaction, control gene, and RQ-PCR method did not vary. A bias plot between the first and second measurement was generated which showed negligible mean bias (Figure 1) . The spread of results as estimated by the 95% limits of agreement was plus or minus 2.5-fold of the mean, which is an indication of withinmethod variability. Overall, 90% of values generated by the second measurement were within plus or minus 2-fold of the first measurement. The within-method variability of the reference method indicated a baseline against which to judge betweenmethod variability of the reference method and the field methods after IS conversion.
Conversion factors for each field method
Conversion factors were calculated for 36 of the 40 field methods. Samples from 4 field methods were inappropriate to calculate the conversion factor because the RNA was degraded or the BCR-ABL values were above the IS effective measurement range. The calculated conversion factors for the 36 field methods ranged from 0.18 to 13.5. Conversion factors differed even though several field methods used the same primer, probe and control gene combinations. For example, for 14 field methods using the Europe Against Cancer (EAC) primer and probe set and the ABL control gene, 22, 23 the conversion factors ranged from 0.23 to 1.40. This indicated that the estimated mean bias of these methods ranged from 1.4-fold lower to 4.3-fold higher than the converted reference method data. For 11 field methods using a common primer and probe set and the BCR control gene, 2 the conversion factors ranged from 0.42 to 5.27. This indicated that the estimated mean bias of these methods ranged from 5.3-fold lower to 2.4-fold higher than the converted reference method data. Differences in the conversion factors were also evident among the Australian laboratories despite having the opportunity to consult more closely with the reference laboratory. The variability of the conversion factors emphasizes that it is the complete analytical system that contributes to variation of data. Figure 2A and C demonstrate the conversion factor calculation process of one field method. This is representative of the plots 
High b3a2
Mean (A) Visual inspection of the data used for the conversion factor calculation showed that all values generated by field method 11 were higher than the reference method, indicating a consistent bias between the methods. (C) Bias plot of the same data. If there were no difference in the estimated mean bias, the dotted line would be at 0. The values generated by field method 11 were, on average, 4.3-fold higher than the values generated by the reference method. The conversion factor of 0.23 was the antilog of the mean bias. The conversion factor was validated by subsequent sample exchange. Visual inspection of the converted validation data (B) and a plot of the bias (D) indicated the estimated mean bias was close to 0. The field method generated values that were on average 1.2-fold lower than the reference method, indicating a considerable improvement in data alignment. It was estimated that 95% of values were within the range of 4.9-fold lower to 4.5-fold higher than the reference method. Significantly, 59% of all samples were within plus or minus 2-fold of the reference value. Before conversion only 14% were within 2-fold. The conversion factor calculation required the X variable to be the field method. However, for the validation process the reference laboratory data were the X variable to determine the relative difference.
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For personal use only. on June 9, 2017. by guest www.bloodjournal.org From generated for all field methods, however there was one field method that did demonstrate markedly inconsistent bias (values up to 10-fold lower at the lower measurement limit and 10-fold higher at the upper measurement limit). However, insufficient samples were received from this laboratory to allow a true assessment of bias, and further samples were requested.
Validation of the conversion factors
The reliability of the conversion factor for each field method to align data to the IS was dependent on the consistency of analysis within each laboratory. This means that the same value should be reproduced for a particular sample, within the calculated variability of that assay, when measured over various time points. Twenty field methods sent samples to validate their conversion factors, although only 19 have completed the process for their current method. The bias between each field method and the reference method was calculated before and after conversion to the IS using the specific conversion factor of each method. Figure 2B ,D demonstrates the bias plot of one field method after conversion to the IS.
The estimated mean bias of each field method after conversion was calculated as the average fold difference compared with the reference method. An average difference of 1.0-fold would indicate that there was no difference in the average BCR-ABL IS values. For 16 of the 20 field methods, the average difference was plus or minus 1.2-fold. Before conversion, only 5 field methods had an average difference of plus or minus 1.2-fold. The remainder ranged from 7.7-fold lower to 8.1-fold higher than the reference method. After conversion, the estimated 95% limits of agreement for each method varied. The method with the closest agreement to the reference method had a 95% range of plus or minus 2.7-fold. The method with the least agreement had a 95% range of approximately plus or minus 8-fold (Table 3) .
Three of the field methods still showed a consistent bias after conversion where almost all values were either greater than or less than the reference method values. This was indicated by an average difference of ϩ1.8-fold, ϩ2.1-fold and Ϫ2.7-fold for the 3 methods.
Two of the methods had altered one of the components of their analytical system from the time of the conversion factor calculation to the time of validation. One had optimized the random primer concentration in accord with the recommendations of the EAC, 23 and the other had changed the reverse transcriptase enzyme. The conversion factors for these 2 field methods required recalculation (one changed from 2.02 to 1.13 and the other from 1.65 to 4.1). This demonstrates that seemingly minor alterations to an analytical system may have a significant impact on the measurement. One of the methods has been revalidated using the new conversion factor and the average difference was Ϫ1.2-fold. Therefore, 17 of 19 field methods achieved an average difference of plus or minus 1.2-fold for their current method after the validation process. Figure 3 demonstrates the average difference and the 95% limits of agreement before and after IS conversion for 19 field methods. These 19 methods have undertaken the validation procedure for their current method. One laboratory used both ␤2M and ABL as control genes in 2 separate assays. Therefore, the methods within this laboratory were considered as 2 separate field methods (Table  3 , field methods 3 and 7). Before conversion the average differences for these methods were Ϫ7.2-fold for the ␤2M method and ϩ8.1-fold for the ABL method. This demonstrates that a single major variable such as the control gene can have a significant impact on the measurement. After application of the field methodspecific conversion factors for this laboratory, the average difference was ϩ1.1 and ϩ1.2-fold, respectively, compared with the reference method.
Evaluation of the agreement between methods after IS conversion
When judging acceptable agreement between the methods after IS conversion one must consider what constitutes acceptable accuracy (average fold difference relative to the reference method average value) and precision (reproducibility as assessed by the 95% limits of agreement) for appropriate clinical decisions. These could be considered as the performance characteristics that optimally assign MMR for samples, while acknowledging that the inherent withinmethod variability of the current technology may be at least plus or minus 2-fold in approximately 90% of samples. Performance characteristics were defined as the average fold difference and the 95% limits of agreement after conversion. Seventeen of the 19 field methods (89%) were able to achieve an average difference of plus or minus 1.2-fold after conversion. Of these 17 field methods, for 11 (group 1) the 95% limits of agreement were also within plus or minus 5-fold, whereas for 6 field methods (group 2) the 95% limits of agreement were greater than plus or minus 5-fold (Table 3 ). The remaining 2 field methods were designated as group 3. The concordance of MMR IS was determined between the reference method and the 3 groups. Concordance of MMR means the reference method generated a BCR-ABL value of 0.10% or less of IS for a particular sample and the corresponding value for that sample generated by the field method was also 0.10% or less IS. Table 4 demonstrates that group 1 achieved the best concordance at 91%. In this group, 14 of the 15 discordant values (93%) were within 2-fold of the upper MMR range. For our analytical procedure, the inherent within-method variability for 90% of samples is 2-fold; therefore, the discordance of MMR for these 11 group 1 field methods is indistinguishable from the inherent assay variability. Therefore, the MMR concordance rate of 91% may be close to optimal with current technology. The rate of MMR concordance for group 1 was much better than that seen for group 2 (74%) and group 3 (60%). As indicated in Table 3 , the 11 field methods that produced the best concordance of MMR were diverse. They were performed in 7 countries and used various control genes, instrument platforms, and reagents. These 11 methods had less variability for this particular study using the samples available, and it should not be inferred that the other methods may not achieve these performance characteristics under optimized study conditions.
Discussion
We have demonstrated that variation between BCR-ABL values generated by diverse analytical systems can be substantially reduced by aligning data on an international reporting scale using method-specific conversion factors. Bias plots were used to calculate and validate conversion factors, since these have been recommended as an acceptable procedure for method comparison studies using clinical samples. 27, 32 Although the method of the Adelaide laboratory was used as the reference method for this study, it should not be inferred that data generated by this method (or any reference method) are without error in terms of variability. 29 Some lack of agreement between different methods of measurement is inevitable. What matters is the amount by which methods disagree and whether the differences will cause problems in clinical interpretation. 29 We identified performance characteristics that limited the discordance of MMR IS, a molecular value which is used for clinical decisions as based on the recommendations of a panel of experts 14 and is also the primary end point of clinical trials of ABL inhibitors. 33, 34 These performance characteristics were an average difference of plus or minus 1.2-fold between the reference method and a field method, which indicated the bias between methods, and 95% limits of agreement of plus or minus 5-fold of the reference method, which indicated the precision or a measurement of the inter-assay variability. These performance characteristics were achieved by 58% of the participants, leading to an MMR concordance of 91%. This indicates that less than 10% of patients would be misclassified when these performance criteria are met. The samples that were misclassified had BCR-ABL values within 2-fold of the upper limit of MMR in 93% of cases, which is consistent with the inherent within-method variability. The MMR concordance rate of 91% may, therefore, be the maximum that can be achieved using the current technology.
It is important to define analytical goals for bias and precision to limit diagnostic misclassifications. 35, 36 This is particularly important for clinical situations in which a diagnostic test is used for For personal use only. on June 9, 2017. by guest www.bloodjournal.org From single-point classification of patients, as it is for molecular testing in CML. The primary end point of various current studies of imatinib and second-generation ABL kinase inhibitors is the rate of MMR, which is frequently determined in different molecular laboratories using diverse analytical procedures. To enable comparison of response rates across studies, it is essential that the molecular data are reliable. Increasing the analytical bias leads to a higher level of diagnostic misclassification, 37 and we demonstrated in this study that increasing the analytical imprecision while maintaining bias increased the incidence of misclassification of MMR for individual samples from 9% to 26%. However, when the bias was maintained within plus or minus 1.2-fold of the reference method, which was the case for 89% of the field methods, the imprecision did not unduly influence the overall rates of MMR between the reference method and the field methods. When the 95% limits of agreement were within plus or minus 5-fold of the reference method, 48% of all samples were MMR as measured by the reference method versus 47% by the field methods (Table 4) . When the bias was plus or minus 1.2-fold but the 95% limits of agreement were greater than plus or minus 5-fold, 43% of all samples were MMR as measured by the reference method versus 41% by the field methods. This indicates that when the bias is minimized there is good agreement between the overall rates of MMR when different laboratories undertake the molecular analysis. Therefore, reporting BCR-ABL values on the IS will allow accurate comparison of response rates for clinical trials, providing, however, that laboratories maintain the consistent performance of their RQ-PCR analytical system. This can be monitored by the inclusion of QC samples in every run to recognize shifts in data, which should be corrected before results are deemed acceptable. 20, 21, 30 Otherwise, the laboratory-specific conversion factor may be invalid.
The performance characteristics of all field methods for this study may not necessarily reflect their actual performance characteristics, since the number of samples available for analysis varied. This may influence the conversion factor calculation and validation, and hence the assessment of analytical performance. 38 The reliability and effectiveness of the comparison increases with analysis of more samples over more time. 27 Furthermore, assessment of precision should ideally be performed using stable QC samples with defined BCR-ABL values that are analyzed at least 10 times over several runs. Such material has currently not been tested and is not available. Therefore, the procedures used in this study require refinement to appropriately assess the performance of each laboratory. Nevertheless, we have established that limiting the variability within an analytical system is important for reliable clinical interpretation. Furthermore, the appropriate interpretation of a rise in BCR-ABL level is dependent on knowledge of the variability of an RQ-PCR field method. 13, 20, 39, 40 For an assay with greater variability, a change of more than 5-to 10-fold in BCR-ABL level may be clinically significant, whereas for an assay with less variability a 2-to 3-fold change may be clinically significant. Precision can be improved by adherence to accepted principles of good laboratory practice and quality assurance.
We anticipate that international reference materials, when widely available, will eventually replace the method used in this study to align data. Candidate materials are under development and production of an initial batch is scheduled for late 2008. In addition, it is likely that one or more commercial companies will also be producing calibration reagents that will need to be aligned to the IS. However, validation of these materials will take several months and, even assuming they perform well (which is not guaranteed), the accreditation process will take longer. Therefore, there will be a need to continue the conversion factor process for some time to achieve standardization. This may be a formidable task for laboratories where BCR-ABL analysis is a minor component of their testing procedures.
The preparation of reference material may be a complex issue, as the matrix must closely mimic that of patient samples. Calibrating a matrix-sensitive analytical system with reference reagents that react differently from patient samples leads to significant biases and inaccurate values when patient samples are analyzed. 41 The international reference materials will also need to account for all of the variability of the current RQ-PCR analytical systems. Müller et al 25 demonstrated, in a study involving 37 laboratories, that even with a common plasmid standard and optimized methods there was still considerable variation in reported BCR-ABL values. When ABL was used as the control gene, BCR-ABL values generated by methods using TaqMan platforms were, on average, 1.7-fold higher than laboratories using LightCycler platforms. Similarly, when GUS was used as the control gene the values were 2.2-fold higher for TaqMan platforms than laboratories using LightCycler platforms. Furthermore, we have demonstrated in this study that a change of a single step in the reaction process can substantially shift BCR-ABL values. Therefore, laboratories may require realignment to the IS when any aspect of the analytical procedure is changed. If a single system for measuring BCR-ABL is to be introduced in the future, it must overcome the inherent variability within each laboratory that contributes to differences in the reported value. It remains to be determined whether BCR-ABL values generated by cartridge-based microfluidic systems that incorporate RNA extraction, reverse transcription, and quantitative PCR 42, 43 will be interchangeable between laboratories.
This study was not designed to allow an assessment of any difference in sensitivity between the methods. Furthermore, we could not appropriately assess variability of the reported value that may be associated with the RNA extraction process in some cases. To address these issues, the samples used should have guaranteed stability and allow individual laboratories to extract RNA using their usual procedure. Matrix effects must be considered and excluded for any material used for this purpose.
Undoubtedly, more robust statistical approaches will be required in the long term to determine conversion factors for the IS. More than one conversion factor may be required to adequately report values over the wide measurement range. Nevertheless, this study has provided a proof of principle that alignment of BCR-ABL values generated from diverse methods is achievable using an international reporting scale. We have identified desirable performance characteristics to allow consistent measures of drug response that can be traced to published outcomes and recommendations and that facilitate the interpretation of national and international clinical studies.
